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Abstract This study is to quantify the effects of mesoscale eddies on air‐sea heat fluxes and related air‐sea
variables in the South China Sea. Using satellite observations of sea surface temperature (SST) and sea
surface height anomaly and a high‐resolution air‐sea heat flux product for the 16‐year period from 2000
to 2015, we conducted the composite patterns of air‐sea fluxes and variables associated with anticyclonic
eddies (AEs) and cyclonic eddies (CEs). It is found that the SST‐sea surface height correlations over eddies
are not always positive. Only 56% of AEs are corresponded with positive SST anomalies (SSTA), that is,
SST+ AEs, and 58% of CEs with negative SSTA, that is, SST− CEs. The percentage of these eddies increases
with eddy amplitude and shows slight seasonal variations, higher in winter and lower in summer.
Composites of SSTA, air‐sea variables, and fluxes are constructed over all eddies, including both SST+
eddies and SST− eddies. All composites show asymmetric patterns, showing that the centers (where the
extrema are located) of the fluxes and variables shift westward and poleward (equatorward) relative to the
AEs (CEs) cores. Besides, composites of latent heat flux (LHF), sensible heat flux (SHF), and air
temperature show monopole patterns, while composites of wind speed and specific humidity show dipole
patterns. For SST+ AEs, the coupling strength is 39.6 ± 6.5 W/m2 (7.2 ± 1.7 W/m2) per degree increase of
SSTA for LHF (SHF). For SST− CEs, the coupling strength is 39.0 ± 2.0 W/m2 (9.0 ± 0.96 W/m2) per
degree decrease of SSTA for LHF (SHF).
1. Introduction
The South China Sea (SCS) is the largest semienclosed marginal sea of the Northwestern Pacific. It is con-
nected to the Sulu and Java Seas by several shallow‐water passages in the South and the Pacific Ocean by
the deep Luzon Strait in the North. Mesoscale ocean eddies, which have spatial scales of tens to hundreds
of kilometers and temporal scales of days andmonths, are common features in the SCS (e.g., Chen et al., 2011;
Chow et al., 2008; Hwang & Chen, 2000; Jia & Liu, 2004; Liu et al., 2008; Wang, 2003; Wang, Chen, et
al., 2008; Wang, Xu, et al., 2008; Wang et al., 2015; Xiu et al., 2010; Zhuang, Xie, et al., 2010). These eddies
impose sufficient impacts on the thermocline structure and modify the circulation dynamics in the basin
(e.g., Chen et al., 2017; Liu et al., 2001; Zhang et al., 2016). They also play an important role in oceanic trans-
ports of heat, salt, and biogeochemical properties (e.g., Chen et al., 2012, 2011; Guo et al., 2015; He et al., 2018;
Xiu & Chai, 2011; Xiu et al., 2010).
Over the past decade, mounting satellite observations have shown that sea surface temperature anomalies
(SSTAs) associated with mesoscale eddies induce substantial atmospheric responses, with eddy signature
identifiable from near‐surface wind, cloud, and precipitation (e.g., Chelton et al., 2004; Chelton &
Xie, 2010; Frenger et al., 2013; Gaube et al., 2015; Hausmann & Czaja, 2012; O'Neill et al., 2010; Small
et al., 2008; Song et al., 2006). Positive correlations exist between SSTA and atmospheric variables over
mesoscale eddies, featuring intensified winds and increased cloud amount and rainfall over warm‐core
anticyclonic eddies (AEs), and weakened winds and decreased cloud amount and rainfall over cold‐core
cyclonic eddies (CEs) (Frenger et al., 2013; Small et al., 2008). There are also reports on the eddy imprint
on surface turbulent latent heat flux (LHF) and sensible heat flux (SHF) (Bôas et al., 2015; Leyba et al., 2017;
Putrasahan et al., 2017). These patterns of atmospheric responses are consistent with the vertical mixing
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mechanism of Hayes et al. (1989) and Wallace et al. (1989), supporting that mesoscale eddy‐induced SSTA
modulates the turbulence mixing in the atmospheric marine boundary layer.
Mesoscale oceanic eddies and fronts in the SCS and their interactions with the overlying atmosphere have
been studied extensively. For instance,Wang, Chen, et al. (2008) examined the oceanic effects of the oro-
graphic wind jets associated with the northeast winter monsoon along the eastern boundary of the SCS.
They suggested that the wind jets through island gaps are an important generation mechanism for the rich
eddy activity in the basin (Wang, 2003). Chow and Liu (2012) studied spatial variations in sea surface tem-
perature (SST) and surface winds associated with winter warm and cold eddies in the continental slope of the
northern SCS. They found that the eddy‐induced SST and wind variations are spatially nonuniform, with the
center of maximum response shifting southwestward with eddy motion. Sun et al. (2016) showed that there
are substantial seasonal differences in spatial patterns of the eddy‐induced changes in SST and wind speed.
In summer, the eddy‐induced SSTA show a monopole pattern, with maximum SSTA centered on the max-
imum sea surface height anomaly (SSHA). In winter, the eddy‐induced SSTA develop into a dipole pattern,
and the orientation of the dipole varies with the eddy polarity. For AEs (CEs), positive SSTA are located on
the west (northeast) side and negative SSTA on the east (southwest) side. The patterns of wind speed anoma-
lies over mesoscale eddies demonstrated similar seasonal differences to those of SSTA. Sun et al. (2016) sug-
gested that seasonal changes of the coupling patterns are caused by seasonally reversing monsoonal winds
and the associated changes in the background SST gradients. The basin‐scale forcing preconditions the hor-
izontal and vertical heat advection over eddies.
Most studies of the eddy‐scale air‐sea interaction have focused primarily on the response of near‐surface
winds to eddy SSTA. The thermal effects of ocean eddies on the marine boundary layer have gained increas-
ing attention lately (Bôas et al., 2015; Leyba et al., 2017; Putrasahan et al., 2017). Liu et al. (2018) produced a
detailed composite analysis of the coupling between ocean eddies and atmospheric anomalies using surface
winds and surface LHF and SHF, precipitation, and cloud liquid water. They also performed a 7‐day simula-
tion of the atmospheric response to an eddy dipole off eastern Vietnam using a nested dynamic downscale
model forced by observed SST. Themodel simulations show that the eddy‐induced heat flux anomalies affect
the atmospheric stability and hence buoyancy, and the latter modulates vertical mixing (Hayes et al., 1989;
Wallace et al., 1989). Enhanced (reduced) turbulent mixing over a warm (cold) eddy increases (decreases)
downward momentum transfer, resulting in an acceleration (deceleration) of surface winds over the eddy.
Meanwhile, Liu et al. (2018) cautioned about the coupling strength derived from the satellite‐based data sets,
as they found that the magnitude of the eddy‐induced atmospheric anomalies is comparable to the magni-
tude of the errors in data sets. The flux data sets used in their quantification were the daily turbulent LHF
and SHF data sets on 1° grids from the Objectively Analyzed air‐sea Fluxes (OAFlux) (Yu et al., 2008; Yu
& Weller, 2007) and the 3‐day averaged precipitation and water vapor data sets from Remote System
Systems (Hilburn & Wentz, 2008). These data sets are not ideal because the spatial and temporal resolution
may not be sufficient for resolving mesoscale eddies.
The present study aims to use the newly developed 0.25° gridded satellite‐derived LHF and SHF products
(Yu, 2019; Yu & Jin, 2014, 2018) to quantify and characterize the atmospheric thermal response to oceanic
eddies via LHF and SHF. The study focuses on developing a statistical characterization of two main mesos-
cale features: the pattern and magnitude of LHF and SHF anomalies associated with the eddy‐induced SSTA
in the SCS. However, during the course of the study, the issue at the heart of finding the coupling between
the atmosphere and ocean eddies is the sign of the SSTA over eddies. It is conventionally believed that the
AEs are associated with positive SSTA, and conversely, the CEs are with negative SSTA. We found that this
concept does not hold everywhere for the mesoscale eddies in the SCS. We also found that the SCS is not the
only region where SSTA can be out of phase with SSHA over some eddies. Similar feature has been identified
in the Tasmania Sea (a marginal sea of the South Pacific Ocean) by Everett et al. (2012), in the Southwestern
Atlantic by Leyba et al. (2017), and also in the North Pacific by Sun et al. (2019). Since SSTA are the link
between ocean eddies and the overlying atmosphere, a good understanding of the relationship between
SSHA and SSTA over eddies is the prerequisite for the understanding of the air‐sea coupling on eddy scales.
Therefore, this study has three specific objectives: (i) to produce an eddy climatology for the period of
2000–2015 using an eddy detection and tracking approach with computational efficiency (section 3.1), (ii)
to provide a statistical characterization of spatiotemporal variations of mesoscale eddies (section 3.2), and
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(iii) to determine the pattern and strength of LHF and SHF in response to mesoscale eddies (section 3.3). A
summary is included in section 4.
2. Data and Methods
2.1. Data
Three sets of satellite‐derived products are used in the study, including sea surface height (SSH), SST, LHF,
and SHF. A brief description of each data set is given below.
The SSH product is produced by Ssalto/Duacs and distributed by the Archiving, Validation, and
Interpretation of Satellite Oceanographic (AVISO) and is available daily on 0.25° spatial resolution. The pro-
duct is merged from all available altimeter missions, including TOPEX/Poseidon, Jason‐1 and Jason‐2,
European Remote Sensing Satellite (ERS)‐1 and 2, Environmental Satellite, Geosat Follow On, Cryosat‐2,
Saral/AltiKa, and Haiyang‐2A, and covers the period from 1993 to the present. Since resolving ocean mesos-
cale variability requires a minimum of three altimeter missions (Le Traon & Dibarboure, 1999; Pascual
et al., 2007; Pujol et al., 2016), only the period from 2000 onward meets the criterion. The 16‐year period
from 2000 to 2015 is therefore selected. Ducet et al. (2000) showed that the product has a nominal uncer-
tainty of 2 cm, which is sufficient for resolving mesoscale eddy structures that have a diameter of 70 km
and larger.
The SST data set is the National Oceanic and Atmospheric Administration Optimum Interpolation SST pro-
duct from Reynolds et al. (2007) on daily and 0.25° resolution. The Optimum Interpolation SST data set is
constructed from infrared satellite observations of the Advanced Very High Resolution Radiometer with
supplemental information provided by in situ observations and proxy SSTs computed from sea ice concen-
trations. Error fields were provided, showing an accuracy of about 0.1 °C on daily basis. The Optimum
Interpolation SST data set is available from 1981 onward. The period of 2000–2015 is used to be consistent
with the eddy‐resolving period permitted by the AVISO SSHA data set.
The data sets of LHF and SHF and related surface meteorological variables are from the newly developed
high‐resolution satellite‐derived analysis by the OAFlux project (Yu, 2019; Yu & Jin, 2014, 2018).
Compared to the 1° gridded OAFlux analysis (Yu & Weller, 2007), the 0.25° gridded OAFlux‐HR analysis
has made two major improvements. The first is that near‐surface air temperature and specific humidity
are retrieved from 11 satellite sensors, including microwave passive radiometers and sounders (Yu &
Jin, 2018). It is different from the 1° gridded OAFlux that is obtained from objective synthesis of the output
from atmospheric reanalyses. The second improvement is that wind speed and direction are derived simul-
taneously from 16 satellite sensors including scatterometers and microwave passive radiometers (Yu &
Jin, 2014). By comparison, the OAFlux‐1° analysis has wind speed but no wind direction.
The LHF and SHF of OAFlux‐HR are computed from the COARE bulk flux algorithm (Fairall et al., 2003)
using surface meteorological variables that are all derived from satellites. The bulk flux parameterizations
for LHF and SHF are expressed as follows:
LHF ¼ ρLeceU qs − qað Þ (1)
SHF ¼ ρcpchU Ts − Tað Þ (2)
where ρ is air density and Le is the latent heat of vaporization and is a function of SST (Ts), expressed as
Le = (2.501−0.00237 × Ts) × 1.0
6. cp is the specific heat capacity of air at constant pressure, and ce and ch
are the stability‐ and height‐dependent turbulent exchange coefficients for latent and sensible heat, respec-
tively. Ta and qa are the air temperature and specific humidity at the reference height of 2 m above the sea
surface. U is the wind speed at the reference height of 10 m. qs is the saturation humidity at Ts.
2.2. Eddy Identification and Tracking
Several automated eddy detection methods have been proposed to identify mesoscale eddies automatically.
These methods can be categorized into the three types: the physical parameter‐based methods that utilize
the physical characteristics (i.e., vorticity) of the flow field (Chaigneau et al., 2008; Doglioli et al., 2007;
Isern‐Fontanet et al., 2003), the flow geometry‐based methods that identify eddies based on the shape or cur-
vature of the streamlines (Nencioli et al., 2010), and the SSH‐based methods (Chelton et al., 2011; Faghmous
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et al., 2015) that identify eddies by finding closed contours of SSH encircling a set of grid points. This study
used the SSH‐based approach and implemented a parallel computation to improve the computational pro-
cessing speed and efficiency (Liu et al., 2016).
Details of the eddy detection are given as follows. A spatially high pass filter with half‐power filter cut-
offs of 20° in longitude and 10 ° in latitude was first applied to AVISO SSHA map. The potential CE
(AE) core was then searched by identifying local minimum (or maximum) in the SSHA map. The search
used the threshold that defines the minimum (maximum) to be the pixel whose value is lower (higher)
than its eight neighboring pixels in a 3 × 3 neighborhood. Once selected, the SSHA contours were com-
puted from minimum (maximum) SSHA values to maximum (minimum) SSHA values at 0.25‐cm inter-
vals. The following five criteria were applied to determine whether an eddy could be established (Liu
et al., 2016): (1) The SSHA contours contain no more than one local maxima/minima. (2) The SSHA
contours are located in areas where water depths are greater than 200 m to minimize the impacts of
data errors near the coastal shallow water region (Cheng & Qi, 2010). (3) The shape error of eddy
(Cheng et al., 2014; Kurian et al., 2011), denoted Errorshape, does not exceed 55%, where
Errorshape = Areadeviation/Areacircle × 100%, with Areacircle being the area of a fitted ideal circle, and
Areadeviation the difference between the area closed by SSHA contours and the area closed by the fitted
ideal circle. (4) The eddy has a radius larger than 35 km, as the SSHA data set is filtered with cutoff
wavelength of 25–35 km (Morrow et al., 2017). (5) The eddy amplitude, defined as the SSHA differences
between the eddy core and the eddy boundary, needs to be greater than the SSHA data precision of
2 cm. An eddy is selected once the closed SSHA contours satisfy all these five criteria. The seed inside
the eddy is defined as the eddy center, and the outermost closed SSHA contour is referred to as the
effective perimeter of the eddy (Ceff). Following Chelton et al. (2011), the region within a closed
SSHA contour that has the maximum average geostrophic speed (Cspd) is regarded as the more robust
property of an eddy. Therefore, Cspd is used to define the boundary of the eddy, which is estimated
by iterating Ceff inward over all closed SSHA contours. The eddy radius is defined as the radius of
the circle that has the same area as the region within the Cspd.
An automated eddy‐tracking procedure was used to track the eddy by comparing eddy centers and prop-
erties at consecutive time levels. For a given eddy (e1) that is identified at time step t1, the eddy at the
subsequent time step t2 is searched by finding the closest eddy that lies within the predefined search
region. The searching distance, D, is set to 1.75 times the distance that a long baroclinic Rossby wave
would propagate in 1‐day time step. If an eddy at time step t2 is located within the searching distance
and has the amplitude and size within 0.25–2.75 times of those of eddy e1, then the eddy is regarded as
eddy e1. The use of a large range of amplitude and size in defining the eddy screening criteria is
intended not only to accommodate noise in the SSH fields (Chelton et al., 2011) but also to take into
account the changes due to merging or splitting of eddies. In case more than one eddy passes the
above‐mentioned tests, the nearest one is selected. Since eddies may disappear between consecutive
maps due to the sampling errors or measurement noise, eddies are allowed to be unassociated for one
day before the track is terminated. If no eddies are found, the track of e1 is terminated, and a new eddy
track is initiated.
2.3. Identification of Eddy Signature in Air‐Sea Variables and Fluxes
To identify eddy‐induced mesoscale features in air‐sea variables and fluxes (e.g., SST, LHF, SHF, and
flux‐related surface meteorology), the temporal and spatial filters similar to those used in Bôas et al. (2015)
were applied to all related air‐sea variables and fluxes fields. The temporal filter was a band‐pass
Butterworth window designed to retain the temporal signal between 7 and 90 days. The spatial filter was
a moving average Hann window, which was used to retain spatial scales smaller than 600 km.
Eddy‐induced anomalies in air‐sea variables and fluxes were then used to construct composite maps over
mesoscale eddies. For each identified eddy with a radius of R, the potential eddy‐induced anomalies were
searched in a circular area of 2R surrounding the eddy core and interpolated onto a uniform grid that was
normalized by R. The composite maps of eddy‐induced anomalies were produced by averaging anomaly
fields over all AEs and CEs, respectively.
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3. Results and Discussion
3.1. Mesoscale Eddy Climatology (2000–2015) in the SCS
Following the eddy identification procedure described in section 2.2,
eddies were isolated and tracked using daily SSHA fields from 2000 to
2015. To avoid sporadic events, eddies with a duration shorter than 28 days
were excluded. This led to a total of 28,609 AEs and 30,381 CEs for the
16‐year analysis period. In the literature, some studies examined only
large eddies, that is, the eddies with amplitude no less than the 95th
amplitude percentile (e.g., Bôas et al., 2015), while other studies included
eddies at all amplitudes (e.g., Chen et al., 2011; Liu et al., 2018). In this
study, eddies were divided into four amplitude percentile intervals, 0th to 55th (2–4.4 cm), 55th to 85th
(4.4–7.4 cm), 85–95th (7.4–10.2 cm), and 95–100th (10.2–26.4 cm) percentiles, to examine the sensitivity of
the eddy‐induced air‐sea response to eddy amplitude. Major characteristics of these eddies, including the
eddy number for AEs and CEs, the Cspd‐based eddy radius, the eddy amplitude, and the duration of 28 days
and longer, are summarized according to amplitude percentile at four intervals (Table 1). One noted feature
is that the number of AEs is generally less than that of CEs for eddy amplitudes less than 85th percentile, but
the situation reverses for eddy amplitude greater than 85th. Overall, for larger and longer‐lasting eddies in
the SCS, there are more AEs than CEs, although the total number of AEs at all amplitudes is less than that
of CEs. Distributions of the number of AEs (red color) and CEs (blue color) across the continuous ranges of
amplitude, radius, and duration are summarized in Figures 1a–1c.
The 28,609 AE realizations correspond to 1,106 AE trajectories, and the 30,381 CE realizations correspond to
1,167 CE trajectories. The spatial distribution of the eddy initial positions (birth locations) and the subse-
quent trajectories (colored by eddy lifespan) are shown in Figure 2. Mesoscale eddies are ubiquitous in the
SCS, but one feature is clearly seen: Eddies with shorter lifetimes (<9 weeks) are randomly distributed, while
eddies with longer lifetimes tend to cluster together along a few preferred corridors. In the northern basin,
the eddies have a southwestward migration pathway that extends from the west of the Luzon Strait to the
southeast of Hainan Island along the continental shelf. In the central basin, both CEs and AEs propagate
westward. In the southern SCS, a southwestward migration pathway is featured by both CEs and AEs, but
the CEs along this pathway have longer durations. These eddy propagation pathways are basically consistent
with previous findings (Chen et al., 2011; Du et al., 2016; Wang, 2003; Xiu et al., 2010; Zhuang,
Du, et al., 2010).
3.2. Relationship Between SSTA and SSHA Over Mesoscale Eddies
3.2.1. Case Analysis of Eddy SSTA Along Eddy Trajectories
It is conventionally believed that the AEs are associated with positive SSTA, and the CEs are with negative
SSTA. However, this concept does not always hold in the SCS. This is observed following the evolution of
eddy‐induced SSTA along two eddy trajectories, one for AE and the other for CE (Figure 3a). The SSTA
values were the averages of the SSTA within one eddy radius. The AE trajectory started from the west of
the Luzon Strait near 20°N, 120°E on 19 November 2009 and extended southwestward along the continental
shelf until its termination near 17°N, 110°E after 275 days. The CE trajectory originated on 9 January 2009 at
a location about 4° of latitude further south than the AE trajectory and extended westward across the basin
to about 17°N, 113°E after 215 days.
The eddy amplitude and associated SSTA along the AE and CE trajectories (Figures 3b and 3c) both have an
interesting feature: The SSTA along the eddy migration pathway changed signs frequently. SSTA could be
either positive or negative over the AEs, and so were SSTA over the CEs. During the lifetime of the AE,
the occurrence of positive SSTA accounts for only 54% (49%) of the time. Since SSTA is a key parameter
in coupling the atmosphere to ocean eddies, the sign between SSTA and eddies is important for understand-
ing the eddy‐induced atmospheric responses. In the study, AEs associated with positive SSTA and negative
SSTA are defined as SST+ AEs and SST− AEs, respectively. Besides, CEs associated with negative SSTA, and
CEs associated with positive SSTA are defined as SST− CEs and SST+ CEs, respectively.
3.2.2. Distribution of SSTA Over Mesoscale Eddies
There are 16,038 SST+ AEs out of 28,609 AE realizations and 17,700 SST− CEs out of 30,381 CE realiza-
tions. Hence, about 56% of AEs are SST+ AEs and 58% of CEs are SST− CEs. The sign inconsistency
Table 1













0th to 55th 2–4.4 62.4 60 15,771 16,653
55th to 85th 4.4–7.4 77.1 72 8,041 9,669
85th to 95th 7.4–10.2 92.3 82 2,956 2,953
95th to 100th 10.2–26.4 107.1 91 1,841 1,106
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between SSTA and SSHA has been found in other world basins (e.g., Chaigneau et al., 2011; Everett
et al., 2012; Leyba et al., 2017; Sun et al., 2019). Spatial distributions of AEs associated with all ranges
of SSTA, SST+ AEs, and the percentage between the two sets of eddies are shown in Figures 4a–4d,
respectively. Similar spatial patterns are also constructed for CEs (Figures 5a–5d). To see whether the
relationship between SSHA and SSTA is dependent on eddy amplitude, the patterns are shown for all
four amplitude percentiles. Two features are worth noting. First, SST− AEs occurred at all ranges of
eddy amplitude, and so did SST+ CEs. The sign inconsistency between SSTA and the eddy core is a
ubiquitous feature in the SCS. Second, the percentage of SST+ AEs and SST− CEs relative to the
respective total eddies increases slightly with eddy amplitude. For AEs, the percentage increases from
54% at the 0th to 55th amplitude percentile to 62% at the 95th to 100th percentile. For CEs, the
percentage goes from 55% to 68% at the low and high ends of amplitude percentile. Seasonal variations
of the number of these eddies show a slight change with seasons (Figure 6), increasing from ~ 50% in
Figure 1. Histogram of (a) eddy amplitude, (b) eddy radius, and (c) eddy lifetime constructed for the 2000–2015 period.
Red and blue bars stand for AEs and CEs, respectively.
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the summer monsoon months (April–September) to above 60% in the winter monsoon months (October–
March), for both cases of AEs and CEs.
Several factors are proposed to result in the sign inconsistency between SSTA and SSHA associated with
mesoscale eddies. Everett et al. (2012) found that about 22% of AEs are SST− AEs, and 44% of CEs are
SST+ CEs in the Tasmania Sea. They suggested that these eddies may be induced by two reasons. First,
Figure 2. Eddy trajectories for (a) AEs and (b) CEs. Dots denote birth positions of eddies and lines the propagation pathways, color coded based on lifetime. Eddies
with longer lifespans are plotted on top of the eddies with shorter lifespans. Gray shading denotes the seabed area with water depth greater than 200 m.
Figure 3. (a) Two eddy trajectories in the SCS. The AE trajectory (red) has a lifetime of 275 days, and the CE trajectory (blue) has a lifetime of 215 days. Dots and
stars denote the generation and termination locations, respectively. (b) SSTA (red) along the AE trajectory, and c SSTA (blue) along the CE trajectory. The eddy
amplitude (gray) is shown in both (b) and (c).
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because of errors in estimating the center of noncircular eddies in the census and second due to surface
anomalies such as surface flooding or mixing, not reflecting the underlying eddy properties. For instance,
surface heating or flows of warm water can result in positive SSTA over CEs, and wind‐induced upwelling
may induce negative SSTA over AEs. Leyba et al. (2017) found some CEs are associated with positive heat
anomalies in the Brazil‐Malvinas Confluence and considered to be induced by the location of eddy forma-
tion. These CEs come from the north transport subtropical waters, which are very warm. Hence, they are
Figure 4. Spatial distribution of eddy centroids for (left) all AEs, (middle) SST+ AEs, and (right) percentage of SST+ AEs relative to the total AEs that fall at the
amplitude percentiles of (a) 0th to 55th, (b) 55th to 85th, (c) 85th to 95th, and (d) 95th to 100th. N is the total number of eddy realizations that are constructed
from daily, 0.25° × 0.25° binned fields.
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not enough to cool surface warm waters and thus result in positive SSTA at the surface. Sun et al. (2019)
studied the warm‐core CEs (i.e., SST+ CEs) and cold‐core AEs (i.e., SST− AEs) in the North Pacific. They
suggested that the instability during the eddy decay stage and eddy horizontal entrainment may induce
the negative correlated SSTA at the surface within eddies. The reasons proposed by previous literature
may lead to the negative SSHA‐SSTA correlation within eddies in the SCS. However, exploring the
Figure 5. Same as Figure 4 but for (left) all CEs, (middle) SST− CEs, and (right) percentage of SST− CEs relative to the total CEs.
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underlying mechanisms for those nonconventional eddies are beyond the scope of this work and deserve
future study.
3.2.3. SSTA Composites Over Mesoscale Eddies
To examine the dependence of the composite SSTA patterns to eddy amplitude, composite SSTA over AEs,
and CEs at all four amplitude percentiles are constructed in Figures 7 and 8, respectively. All three cases are
considered, including all eddies, SST+ eddies, and SST− eddies. Differences in the SSTA composite patterns
at the four amplitude percentiles are small, except that the spatial structure tends to be fuller and more
rounded toward the lower percentiles. The latter may be related to the number of eddy realizations used
in making the composite average. For instance, there are 15,771 AE realizations at the 0th to 55th percentile
but only 1,841 AE realization at the 95th to 100th percentile.
When constructed over all AEs (Figure 7a), the SSTA composites are positive and smaller than those con-
structed over the SST+ AEs (Figure 7b). Conversely, SSTA composites constructed over SST− AEs are nega-
tive (Figure 7c). Except for the opposite sign of SSTA, the similar finding can be seen for CEs (Figure 8). It is
worth noting that the eddy‐induced SSTA are not collocated with the SSHA‐based eddy centers for both AEs
and CEs. The SSTA composites show an asymmetric monopole pattern over eddies. Extrema of SSTA com-
posites over all AEs, SST+ AEs, and SST+ CEs are basically shifted westward and poleward relative to the
SSHA‐based eddy centers, whereas extrema of SSTA composites over all CEs, SST− CEs, and SST− AEs
are basically shifted westward and equatorward relative to the SSHA‐based eddy centers. Similar meridional
and zonal phase shifts were observed in previous literature (Bôas et al., 2015; Hausmann & Czaja, 2012).
To further quantify the relationship between SSHA and SSTA associated with mesoscale eddies, the SSTA
extreme within one eddy radius was obtained for each eddy realization and then binned into SSHA intervals
of every 2 cm (Figure 9). Using the least squares estimation, the linear relationship between SSHA and SSTA
over all eddies (Figure 9a) is clear, and so did SST+ AEs and SST− CEs (Figure 9b). With every 1‐cm increase
in SSHA, SSTA within either all AEs (all CEs) or SST+ AEs (SST− CEs) increases (decreases) 0.02 °C, which
is stronger than the coupling between SSHA and SSTA over SST−AEs and SST+ CEs. As shown in Figure 9c,
SSTA increases (decreases) 0.01 °C with every 1‐cm increase in SSHA.
3.3. Near‐Surface Atmospheric Responses to Mesoscale Eddies
3.3.1. Composites of Air‐Sea Heat Fluxes and Flux‐Related Variables Over Mesoscale Eddies
Since the composite SSTA patterns over either AEs or CEs are consistent at all eddy amplitude percentiles,
the composites of air‐sea heat fluxes and flux‐related variables are constructed over all amplitude percentiles
in the following analysis (Figure 10). As expected, positive SSTA destabilize the marine boundary layer,
which leads to enhanced turbulent heat exchanges. Conversely, negative SSTA stabilize the marine
Figure 6. Seasonal distribution of the percentage of (a) SST+ AEs and (b) SST− CEs relative to the respective total AEs and CEs. Error bars represent the ±1 stan-
dard deviation of monthly values. The annual average percentage is the average of all 12 months.
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boundary layer and suppress turbulent heat exchanges (Bôas et al., 2015; Leyba et al., 2017; Putrasahan
et al., 2017). The spatial patterns of composite LHF and SHF over eddies are similar to SSTA, which show
an asymmetric monopole pattern. Besides, composites of LHF and SHF are positive over all AEs, SST+
AEs, and SST+ CEs, while negative over all CEs, SST− AEs, and SST− CEs.
Compared to composite SSTA, composite U over mesoscale eddies shows an asymmetric dipole pattern.
Furthermore, compositeU is positive over SST−AEs and negative over SST+ CEs. It indicates a negative cor-
relation between SSTA and U over these eddies. Such a result differs from the previous finding that SST and
U are positively correlated on oceanic mesoscales (Chelton & Xie, 2010; Small et al., 2008; Xie, 2004).
Composites of other flux‐related variables show similar spatial patterns and same sign with SSTA, except
that composite qa shows a dipole pattern.
Although the spatial patterns of LHF, SHF, and flux‐related variables are similar to SSTA over mesoscale
eddies, the locations of extrema relative to the eddy center are different. Since air‐sea coupling over SST−
AEs and SST+ CEs are more likely to be affected by other ocean phenomena (Everett et al., 2012; Leyba
et al., 2017; Sun et al., 2019), only SST+ AEs and SST− CEs are considered in the following analysis
(Figure 11). With respect to the eddy center of AEs, extrema of LHF, SHF, and U shifted westward and pole-
ward, while extrema of SSTA and other flux‐related variables shifted westward.With respect to the eddy cen-
ter of CEs, the extrema of SSTA, qs − qa, Ts − Ta, and Ta shifted equatorward, the extrema of LHF, SHF, and
qa shifted westward and equatorward, and the extremum of U anomalies shifted westward. The values and
locations of these extrema relative to the eddy centers are summarized in Table 2. The SSTA maximum of
0.11 °C within SST+ AEs corresponds with the flux maximum of 4.07 W/m2 for LHF and 0.67 W/m2 for
SHF and 0.02 m/s for U. Furthermore, SSTA minimum of −0.14 °C within SST− CEs corresponds with flux
minimum of −5.17 W/m2 for LHF, −0.85 W/m2 for SHF, and −0.04 m/s for U.
3.3.2. Air‐Sea Coupling Associated With Mesoscale Eddies
Based on the 16,038 SST+ AEs and 17,700 SST− CEs averaged for the composite analysis, the coupling
strength between extremum anomalies of SST, LHF, SHF, and flux‐related variables within one eddy
Figure 7. SSTA composites over (a) all AEs, (b) SST+ AEs and (c) SST− AEs at four amplitude percentiles. The axes in the composite maps are the normalized
distance between the eddy center and two eddy radii. On each map, a black dot denotes the eddy center, and a white dot denotes the location of the SST maximum.
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radius are binned onto SSTA intervals of every 0.05 °C (Figure 12). Least squares fitting was performed.
There are positive linear relationships between SSTA and LHF, SHF for both AEs and CEs. As shown in
Figures 12a and 12b, the coupling strength between SSTA and LHF (SHF) is 39.6 ± 6.5 W/m2
(7.2 ± 1.7 W/m2) per degree increase of SST over AEs, and 39.0 ± 2.0 W/m2 (9.0 ± 0.96 W/m2) per degree
decrease of SST over CEs. The magnitude of the coupling strength between SSTA and LHF, SHF over
mesoscale eddies, is similar to the result of Ma et al. (2016), which gives an approximately 40–56 W/m2
heat flux increase per degree increase of SST.
Figure 8. Same as Figure 7 but for CEs.
Figure 9. Extreme SSTA averaged within one radius of (a) all eddies, (b) SST+ AEs and SST− CEs, and (c) SST− AEs and SST+ CEs as a function of the respective
eddy amplitude. Dots denote the SSTA averaged at binned SSHA intervals of 2 cm, and error bars represent the ±1 standard deviation of the samples
within the SSHA bin intervals. S and R are the regression slope and correlation coefficient obtained from the least squares fitting. The values are significant at the
95% confidence level.
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Except for the near‐linear relationship between SSTA and qa, U over AEs, positive linear correlations
between SSTA and other flux‐related variables over eddies are significant. As shown in Figures 12d and
12g, qa and U increase as SSTA increases before 0.8 °C and then decreases slightly. Similar result has been
reported for ocean front and mesoscale eddies in other ocean regions. For instance, Zhang and
McPhaden (1995) found that U increases as SSTA smaller than 300 K but decreases when SSTA larger than
300 K for ocean front in the equatorial Pacific. Rouault et al. (2016) also discovered the nonlinear increase of
U over warm Agulhas Current eddies.
Figure 10. Composite maps of the anomalies in SST, LHF, SHF, U, qs − qa, qa, Ts − Ta, and Ta over (a) all eddies, (b) SST
+ AEs and SST− CEs, and (c) SST− AEs
and SST+ CEs. On each map, a black dot denotes the eddy center, and a white dot denotes the center location of variable (defined by the location of extremum
value). Contour intervals are every 0.015 °C for SST, every 0.5 W/m2 for LHF, every 0.1 W/m2 for SHF, every 0.005 m/s for U, every 0.02 g/kg for qs − qa, every
0.002 g/kg for qa, every 0.01 °C for Ts − Ta and Ta.
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To further examine the air‐sea coupling over eddies, the coupling strengths between SSTA and LHF, SHF,
and flux‐related variables are calculated based on their mean anomalies within one eddy radius
(Figure 13). Linear correlations are observed between SSTA and LHF, SHF, qs − qa, Ts − Ta, and Ta over
eddies. Besides, correlations between SSTA and qa, U over eddies are weak, especially over AEs. Both qa
and U increase as SSTA increases before 0.4 °C and then decrease slightly. The coupling coefficients for
all variables are summarized in Table 3.
4. Summary
Using Advanced Very High Resolution Radiometer‐only SST, AVISO SSHA, and newly developed OAFlux
satellite‐based flux analysis for the 16‐year period from 2000 to 2015, the study examined the impact of
mesoscale eddies on SST, LHF, SHF, and flux‐related surface meteorological variables in the SCS. There
are 28,609 AE realizations and 30,381 CE realizations, which correspond to 1,106 AE trajectories and
1,167 CE trajectories, respectively. Major findings are summarized as follows.
Figure 11. Center locations of SST, LHF, SHF, U, qs − qa, qa, Ts − Ta, and Ta anomalies relative to (a) the AE center and (b) the CE center constructed from the
composites of SST+ AEs and SST− CEs, respectively. Axes denote the normalized eddy radius.
Table 2
Mean and Extremum Values ±1 Confidence Interval (CI), and the Variable Center Locations (θ, D) Relative to the
Eddy Center for SST, LHF, SHF, U, qs − qa, qa, Ts − Ta, and Ta over SST
+ AEs and SST− CEs
Eddy type SST+ AEs SST− CEs
Properties Mean Maximum θ D Mean Minimum θ D
SST (°C) 0.08 ± 0.001 0.11 ± 0.002 90° 0.5 −0.09 ± 0.001 −0.14 ± 0.002 180° 0.25
LHF (W/m2) 2.84 ± 0.08 4.07 ± 0.13 45° 0.35 −3.38 ± 0.08 −5.17 ± 0.12 135° 0.35
SHF (W/m2) 0.47 ± 0.02 0.67 ± 0.04 63.4° 0.56 −0.58 ± 0.02 −0.85 ± 0.03 135° 0.35
U (m/s) 0.004 ± 0.003 0.02 ± 0.004 45° 0.71 −0.01 ± 0.003 −0.04 ± 0.004 90° 0.5
qs − qa (g/kg) 0.10 ± 0.002 0.14 ± 0.003 90° 0.25 −0.11 ± 0.002 −0.17 ± 0.003 180° 0.25
qa (g/kg) 0.005 ± 0.001 0.01 ± 0.002 90° 0.5 −0.01 ± 0.001 −0.02 ± 0.002 116.6° 0.56
Ts − Ta (°C) 0.04 ± 0.001 0.06 ± 0.002 90° 0.25 −0.05 ± 0.001 −0.07 ± 0.002 180° 0.25
Ta (°C) 0.04 ± 0.001 0.06 ± 0.002 90° 0.5 −0.04 ± 0.001 −0.07 ± 0.002 180° 0.25
Note. The CI was computed at the grid point (x, y) where the maximum (minimum) anomalies associated with eddies
existed in the composite maps.CI ¼ 1:96 × σ X; Yð Þ= ffiffiffiffiNp , where σ is the standard deviation of eddy‐induced anomalies
andN is the number of eddy realizations averaged in the composite maps (for CEs,N= 17,700; for AEs,N= 16,038). All
values are statistically significant at the 95% confidence level.
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Figure 12. The extreme value within one eddy radius in the anomalies of (a) LHF, (b) SHF, (c) qs− qa, (d) qa, (e) Ts − Ta,
(f) Ta, and (g) U as a function of SSTA. Red colors denote anomalies associated with SST
+ AEs, and blue colors denote
those with SST− CEs. Dots denote the values averaged at the binned SSTA intervals of 0.05 °C, and solid lines denote the
regression lines obtained from least squares fitting with S being the slope and R the correlation coefficient.
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Figure 13. Same as Figure 12 but for the mean anomalies averaged over one eddy radius.
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One major finding of the study is that the SST and SSH over eddies are not always positively correlated. This
is not consistent with the conventional expectation. In the SCS, the AEs are often not associated with posi-
tive SST anomalies, and the CEs are often not associated with negative SST anomalies. We found that only
56%AEs (i.e., 16,038 AEs) are corresponded with positive SSTA and 58% CEs (i.e., 17,700 CEs) are with nega-
tive SSTA. Moreover, SST− AEs and SST+ CEs occurred at all ranges of eddy amplitude and the whole SCS.
The percentage of SST+ AEs and SST− CEs relative to the respective total eddies increases slightly with eddy
amplitude. Meanwhile, it shows a slight seasonal variation that higher during the winter monsoon months
(October–March) and lower during the summer monsoon months (April–September).
Composites of SSTA, LHF, SHF, and flux‐related variables are constructed over all eddies, SST+ eddies, and
SST− eddies, respectively. Spatial patterns of all these composites are asymmetric, of which the extrema shift
westward and poleward (equatorward) with respect to eddy center of AEs (CEs). Composites of LHF, SHF
qs − qa, Ts − Ta, and Ta show monopole patterns, while composites of U and qa show dipole patterns.
Moreover, the locations of the extrema relative to the eddy centers are slightly different, even over the same
type of eddies. As expected, the signs of composites SSTA, LHF, and SHF are positive over SST+ eddies and
negative over SST− eddies, whereas the sign of composite U is positive over SST− AEs and negative over
SST+ CEs.
Air‐sea coupling associated with SST+ AEs and SST− CEs is also examined. There is a strong linear positive
correlation between heat flux and SSTA associated with eddies. The coupling strength between SSTA and
LHF (SHF) is 39.6 ± 6.5 W/m2 (7.2 ± 1.7 W/m2) per degree increase of SST over AEs and
39.0 ± 2.0 W/m2 (9.0 ± 0.96 W/m2) per degree decrease of SST over CEs. The couplings between SSTA
and other flux‐related variables over eddies are positive linear correlated, whereas it is worth noting that
the couplings between SSTA and U and qa over AEs are near linear. As SSTA increases, U and qa over
AEs increase near linearly up to 0.8 °C and then decreases slightly.
In summary, the study provided a statistical characterization of the coupling between SSTA and air‐sea heat
fluxes and variables over mesoscale eddies in the SCS. However, a few key issues remain to be examined in
future work. These include the mechanism controlling the correlation between SST and SSH over mesoscale
eddies, the Eulerian eddy tracking approach that was applied in the study, and the cause of a dipole pattern
in qa and U over AEs.
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